Background: Processing speed is frequently reduced in patients suffering from multiple sclerosis (MS). Reduced processing speed can also lead to impaired working memory capacity (WMC) in adult MS patients. Less is known about the interplay of cognitive deficits in paediatric MS patients.
Introduction
Multiple Sclerosis (MS) is a chronic inflammatory disorder of the central nervous system, attacking the myelinated axons and leading to grey matter damage and/or loss of cell connectivity due to white matter lesions and degeneration. 1 Typically, MS presents in young adults between 20 and 45 years of age, but occurs in 3-5% of patients before their 16th birthday 2 and is then diagnosed as paediatric MS.
Cognitive impairment is commonly observed in many adult 3 and paediatric MS patients, 2 with processing speed (PS), defined as the time needed to execute a cognitive task, most consistently impaired by MS. 4 Results in experimental reaction time (RT) paradigms indicate that MS-related neural noise leads to a general slowing of PS. 5 Consequently, when a cognitive task requires a high number of cognitive processes to be executed (and each process is delayed), speed differences between patients with MS and healthy controls are more pronounced than in less complex cognitive tasks. PS deficits have been reported also for paediatric MS patients, but were primarily investigated by means of psychometric neuropsychological tests rather than experimental RT tasks. 2, 6, 7 Another area of cognitive research in MS investigated possible deficits in the capacity of working memory (WMC). Working memory (WM) is conceptualized as a system providing accessibility, maintenance and simultaneous manipulation of mental representations. 8 WMC deficits in adult MS patients have been frequently reported 3 but might be less pronounced when a given WM task provides sufficient time for a response. 9, 10 Thus, MS patients' deficits in PS might underlie WMC deficits, as explicitly stated in DeLuca et al. 's (2004) relative consequence model. 11 For paediatric MS patients, Wuerfel et al. 7 observed impaired WMC only with more difficult but not with easier WM tasks, while Holland et al. 12 did not find WMC deficits in paediatric MS patients.
The present study focuses on psychometric intelligence as a global measure of cognitive functioning 13 with well-established relationships to everyday criteria of cognitive functioning such as scholastic achievement. 14 Lower psychometric intelligence scores in patients with MS than healthy controls have been reported for adult 15, 16 as well as for paediatric MS patients. 2, 7, [17] [18] [19] Furthermore, both PS 20 and WMC 21 are well-established cognitive correlates of psychometric intelligence in healthy individuals. But this well-established relationship in healthy individuals does not allow for the conclusion that impaired PS and WMC lead to, or even are functionally related to, lower psychometric intelligence in MS patients, as suggested by Kail's 5 neural noise hypothesis or DeLuca et al.'s 11 relative consequence model. In the present study, therefore, we tested empirically whether MS-related deficits in psychometric intelligence can be explained by deficits in PS and/or WMC. We used experimental RT and WM tasks with conditions of different complexity to investigate whether a potential explanation of MSrelated deficits in psychometric intelligence by PS and/or WMC might depend on the complexity of the respective experimental task.
Methods

Participants
Twenty-four (20 females) paediatric patients with diagnosed MS according to the McDonald criteria 22 were recruited from different hospitals in Germany. Due to technical problems, data from only 21 patients (17 females) could be analysed. Demographic characteristics are given in Table 1 .
In addition, 66 healthy pupils were recruited from different local schools. Due to technical problems, only data from 63 pupils were available. Using the R package MatchIt with the nearest neighbour method, 23 21 healthy controls were matched to the 21 MS patients according to gender, age, and type of school (aspired school graduation). The two groups did not differ significantly in age, gender and type of school (see Table 1 ).
All participants reported normal hearing and normal or corrected-to-normal vision. Prior to testing, all participants and all parents of adolescents younger than 18 years were informed about the study protocol and signed informed consent. The study was approved by the local ethical committee of the Witten/Herdecke University (Nr:173/2016).
Culture Fair Test 20-R (CFT20-R)
The German version of Cattell's CFT20-R 24 was administered as a reliable 24 and valid 25 measure of psychometric intelligence. This paper and pencil test consisted of two parts, and each part embraced the four subtests Series (continuing a series of elements according to a to-be-identified rule), Classifications (finding a matching figure due to specific features), Matrices (identifying the underlying rule and completing the matrix accordingly), and Topologies (identifying a formation of elements, which is topologically similar to a reference formation). Each of the subtests Series, Classifications and Matrices consisted of 15 items in the first part and of 12 items in the second part. The Subtest Topologies contained 11 items in the first and nine items in the second part.
In the first part, Series and Classifications had a time limit of 5 min, Matrices and Topologies of 4 min. In the second part, the time limit was 3 min for each subtest.
For each participant, the number of correctly answered items was determined and transformed into IQ equivalents according to age-specific norms reported in the manual.
Depression Inventory for Children and Adolescents (DIKJ)
Severity of depressive symptoms was assessed with the German DIKJ. 26 The 29 items refer to the most important DSM-IV symptoms of depression. Internal consistency is high ranging between Cronbach's a ¼ 0.87 and a ¼ 0.92.
Modified Fatigue Impact Scale (MFIS)
With the German version of the MFIS, 27 patients with MS and healthy controls self-reported physical, cognitive and psychosocial impairments due to fatigue on a 5-point Likert scale ranging from 0 (not affected by fatigue) to 4 (strongly affected by fatigue). Internal consistency is a ¼ 0.81. 27 The dependent variable was the sum score of responses on the 21 items. One MS patient omitted one item and another one two items. The total scores of these two individuals were estimated by computing the mean score of the 19 or 20 answered items and multiplying this mean score by 21. 28 
Expanded Disability Status Scale (EDSS)
On the EDSS developed by Kurtzke, 29 the attending doctors assessed the severity of disability in patients with MS at the time of the survey. EDSS scores could range from 0 to 10.
RT task
Apparatus and stimuli. Stimuli were presented on a Lenovo notebook (L540) with a 15" monitor. Stimulus presentation and response registration were controlled by the experimental software Eprime 2.0. Stimuli were arrows (>and<) and a fixation cross (þ) with a height of 1 cm and a width of 1 cm. All stimuli were presented in white font (Courier New, size: 30) on a black background (see Figure 1 ). Procedure. The RT task consisted of a simple, a choice, and a flanker RT condition. In the simple and in the choice RT condition, 32 trials were presented, respectively, and 64 trials in the flanker RT condition. Each trial began with a central fixation cross (þ) presented for 500 ms followed by a stimulus, which remained on the screen until the participant's response.
In the simple RT condition, participant pressed a designated key on a Cedrus V R response pad (Model RB-40) with the forefinger of their preferred hand as soon as an arrow appeared on the screen -irrespective of the direction of the arrow. In the choice RT condition, the task was to respond to the direction of the arrow by pressing a left or right key.
In the flanker RT condition, adapted from Scheres et al., 30 five arrows were presented on each trial. Table 1 . Number (N), mean (M) and standard deviation (SD) of sample characteristics of 21 children suffering from MS and 21 healthy controls. Also given are t tests (t) with effect size Cohen's d as well as chi square tests (v 2 ) with effect size Cram er's V for the comparison of both groups.
Paediatric MS
Healthy controls The flanker arrows were either congruent (e.g. >>>>>) or incongruent (e.g. <<><<) with the middle arrow (see Figure 1 ). Direction of the middle arrow and congruence/incongruence of the flankers were randomized. The participants' task was to respond to the direction of the middle arrow.
Mean RT for correctly responded trials was determined for each condition. Only trials with RTs between 100 ms and 2500 ms were used.
WM task
Apparatus and stimuli. The WM task was adapted from Stankov and Crawford 31 to measure WMC with three different levels of task demands. Stimuli were the letters J, K and L, presented centrally in Arial, point size 28, and the 'swap' commands at the top of the screen in Arial, point size 20 (see Figure 2 ). All stimuli were presented in white font on a black background.
Procedure. The three task conditions differed in the number of required swaps and, thereby, the number of interim results to be kept in mind. Each condition contained 12 trials. In each trial, the three letters J, K and L were presented in the centre of the monitor screen in different order. At the top of the screen, a command instructed the participant about the required swap(s) (e.g. 'swap 1 and 2'). Participants had to mentally swap the letters according to the instruction and to type in the final solution via the keypad of the notebook with the forefinger of their preferred hand without time limitation. In the easiest condition only one swap had to be conducted (1-swap condition), but 2 and 3 swaps in the 2-swaps and 3-swaps condition, respectively. An example trial of the 2-swaps condition is given in panel 2 of Figure 2 . In this example, the first instruction was to change the first and the second position of the given letters (J-K-L) resulting in an interim result of K-J-L, and to be kept in mind. The second instruction was to change the second and third position of the interim result leading to K-L-J as the final result, which had to be typed in. The trials of the three conditions were randomly interleaved. As dependent variable, hit rate (mean number of correct responses) was computed for each condition.
Procedure of the testing session
Prior to the experimental tasks, participants were informed about the study, signed the informed consent and completed the paper-pencil questionnaires. The experimental testing session started with the RT task (about 10 min) followed by the WM task (about 15 min) and the CFT20-R (about 60 min). All tasks were preceded by written and vocal instructions as well as practice trials. Between each task, participants had breaks of 3-5 min. The session ended with two other experimental tasks irrelevant for the present study and to be reported elsewhere. Each participant was tested individually. The total testing took about 120 min. The RT and the WM task were analysed separately by two-way analyses of variance (ANOVA) with MS patients and healthy controls being two levels of a between-subjects factor 'Group' and the three conditions of the RT or the WM task as three levels of a repeated-measures factor 'Condition'. RT in the RT task and hit rate in the WM task were the dependent variables, respectively. Effect sizes were computed as g p 2 and Bonferroni-adjusted post-hoc analyses determined the nature of significant effects.
Statistical analyses
To investigate whether differences in RT explained differences in IQ between patients with MS and healthy controls, a two-step procedure was used. In the first step, the IQ difference between the groups was investigated by a one-way ANOVA with the two groups as two levels of a between-subjects factor and IQ as the dependent variable. In a second step, an analysis of covariance (ANCOVA) was conducted by submitting RT as covariate to the previous ANOVA.
As a post-hoc analysis, we also investigated whether a differential pattern of results could be observed for the number of incorrectly solved items in the CFT20-R (as distinguished from the number of not-reached items). Therefore, the same two-step procedure of ANOVA and ANCOVA as described above for the IQ scores was repeated for the number of incorrectly solved items.
Results
Descriptive statistics of CFT20-R, DIKJ, and MFIS scores are presented in Table 1 separately for MS patients and healthy controls. DIKJ scores did not differ significantly between the two groups, while the tendency of higher MFIS scores in MS patients compared with healthy controls just failed to reach statistical significance, p ¼ 0.050.
Most important for the purpose of the present study, MS patients' CFT20-R scores were significantly lower than those of healthy controls. CFT20-R scores in patients with MS correlated significantly and negatively with the number of relapses, r ¼ -0.45, p ¼ 0.038, and EDSS scores, r ¼ -0.58, p ¼ 0.006 but not with other characteristics of the disease (all p-values >0.153).
Descriptive statistics of RT in the RT task conditions are given in Table 2 . For the two-way ANOVA Greenhouse-Geisser correction was used with e ¼ 0.657 because of violated sphericity. The main effect Condition yielded statistical significance, F(1.311, 52.443) ¼ 129.116, p < 0.001, g p 2 ¼ 0.763. Across both groups, simple RT, 302 AE 47 ms, was significantly shorter than choice RT, 407 AE 69 ms, and choice RT was significantly shorter than RT in the flanker condition, 590 AE 147 ms, all p-values <0.001. The main effect Group was also significant, F(1,40) ¼ 8.854, p ¼ 0.005, g p 2 ¼ 0.181, indicating significantly longer overall mean RT in paediatric MS patients, 462 AE 79 ms, than healthy controls, 402 AE 44 ms. The interaction between Condition and Group was not statistically significant, F (1.311, 52.443) ¼ 1.220, p ¼ 0.290, g p 2 ¼ 0.030. Table 2 contains descriptive statistics of hit rates in the WM task. The two-way ANOVA revealed a significant main effect Condition, F(2,80) ¼ 20.382, p < 0.001, g p 2 ¼ 0.338. Hit rate decreased significantly from the 1-swap, 0.912 AE 0.097, to the 2-swaps condition, 0.787 AE 0.129, p < 0.001, but only marginally from the 2-swaps to the 3-swaps condition, 0.725 AE 0.221, p ¼ 0.053. Main effect Group, F(1,40) ¼ 0.013, p ¼ 0.911, g p 2 ¼ 0.000, and the interaction effect were not statistically significant, F(2,80) ¼ 0.067, p ¼ 0.935, g p 2 ¼ 0.002. Thus, regardless of task demands, WMC did not differ between patients with MS and healthy controls.
As WMC did not differ between the two groups, only PS was investigated as a possible source underlying the difference in psychometric intelligence between patients with MS and healthy controls. In accordance with the t test, the main effect Group in a one-way ANOVA on CFT20-R scores was statistically significant, F(1,40) ¼ 16.658, p < 0.001, g p 2 ¼ 0.294. In a next step, mean RT across all three RT conditions was computed. Since it correlated significantly with normed CFT20-R scores, r ¼ -0.463, Figure 2 . Examples of the 1-swap, 2-swaps, and 3-swaps condition in the WM task. In the administered version the German 'und' was used instead of 'and'. WM: working memory. p ¼ 0.002, it was submitted to the ANOVA as covariate. The ANCOVA revealed that the difference between MS patients' and healthy controls' normed CFT20-R scores was still significant when controlled for RT, F(1,39) ¼ 9.524, p ¼ 0.004, g p 2 ¼ 0.196. The effect of mean RT yielded statistical significance, F(1,39) ¼ 4.624, p ¼ 0.038, g p 2 ¼ 0.106. Effect size g p 2 of the main effect Group decreased from 0.294 in the ANOVA to g p 2 ¼ 0.196 in the ANCOVA, indicating that about 33% of the variance in normed CFT20-R scores between MS patients and healthy controls was explained by RT differences.
A possible explanation of the finding that MS-related deficits in CFT20-R scores could be explained partially by PS is the time limitation of the CFT20-R, which forces speeded test performance and, thus, might disadvantage MS patients. We explored this idea by separately analysing the sum of incorrect items (processed but incorrect response) and of omitted and not-reached items. With mean ( AE SD) values of 5.857 AE 5.659 and 2.714 AE 4.911, the two groups did not differ significantly in the number of not-reached items, t(40) ¼ 1.922, p ¼ 0.062, d ¼ 0.593. MS patients, however, gave significantly more incorrect responses (28.810 AE 8.909) than healthy controls (21.810 AE 8.583), t(40) ¼ 2.593, p ¼ 0.013, d ¼ 0.800. Mean RT was significantly positively related to the number of incorrect responses, r ¼ 0.599, p <0.001, but not to the number of not-reached or omitted items, r ¼ -0.017, p ¼ 0.916.
The number of incorrectly solved CFT20-R items also differed significantly between MS patients and healthy controls in a one-way ANOVA, F(1,40) ¼ 6.724, p ¼ 0.013, g p 2 ¼ 0.144. When RT was submitted to this analysis as covariate, the difference between the two groups was no longer significant, F(1,39) ¼ 1.585, p ¼ 0.216, g p 2 ¼ 0.039. The effect of the covariate was significant, F(1,40) ¼ 15.201, p <0.001, g p 2 ¼ 0.280. A comparison of the effect sizes revealed that about 73% of the variance in the incorrect responses between MS patients and healthy controls could be explained by RT differences.
Discussion
In the present study, paediatric MS patients had lower CFT20-R scores and slower RTs but similar WMC as healthy controls. Most importantly, about 33% of the variance in psychometric intelligence between patients with MS and healthy controls was explained by MS patients' slower PS.
Wuerfel et al. 7 proposed that WM deficits in paediatric MS patients might only be observed when the WM task is sufficiently demanding. Here, however, we could not observe WMC differences between paediatric MS patients and healthy controls -irrespective of task demands. These results are consistent with previous studies, which reported no WMC deficits in adult MS patients when the WM task provided enough processing time, as in the present study. [9] [10] [11] To note, our results indicate that WMC cannot account for the difference in CFT20-R performance between patients with MS and healthy controls. This does not question the important role of WMC for psychometric intelligence. 21 Table 2 . Mean (M) and standard deviation (SD) of the reaction times (RTs) in the three RT task conditions, hit rates in the three working memory (WM) task conditions for 21 children with MS and 21 healthy controls as well as t tests (t) and Cohen Our finding of longer RTs in paediatric MS patients than healthy controls confirms previous reports of impaired PS in MS. 2, 6, 7 Differences in RT ranging from 40 ms to 92 ms between paediatric MS patients and healthy controls do not appear very large. The effect sizes, however, indicate medium to large effects 32 when contrasting between-group with intragroup variability (see Table 2 ) and are similar to those obtained with neuropsychological test batteries. 6,7 Kail 5, 33 reported that PS differences between adult MS patients and healthy controls increased with increasing task demands. In the present study, the increasing task demands led to the expected increase of RT. However, although the difference in RT between MS patients and healthy controls nominally increased from the less to the most demanding task condition, this trend was not statistically significant.
The focus of the present study was on MS-related deficits in psychometric intelligence. Consistent with previous studies, 2,7,17-19 paediatric MS patients had lower scores on an established measure of psychometric intelligence than healthy controls in the present study. The main result of this study is that these differences could be partially explained by MS patients' slower PS.
The difference in intelligence scores was due to a higher number of incorrectly solved CFT20-R items in patients with MS than healthy controls. The number of omitted and unreached items did not differ between the two groups, so that time limitation of the CFT20-R is an unlikely explanation of the IQ differences. Furthermore, RT was associated with the number of incorrectly solved items, but not with the number of not-reached and omitted items. Thus, PS affected MS patients' response quality rather than their speed of test taking.
Coyle 34 proposed that (healthy) developmental changes during childhood in white matter integrity lead to faster and more consistent neural transmissions of information in the central nervous system. These developmental changes might be directly related to faster RT and less error-prone information processing, resulting in better performance on intelligence tests. This assumption is supported by Penke et al., 35 who found white matter integrity to be related to psychometric intelligence and that this relationship was completely mediated by PS.
MS leads to fundamental neural changes over time affecting white matter but also cortical and subcortical structures. 5, 33 Thus, a tentative explanation of the present findings is that MS-related impairments of white matter integrity result in slower and more error-prone processing of information. The reason for the higher number of mistakes in the CFT20-R in paediatric MS than healthy controls might be the more error-prone processing due to impaired white matter integrity. Impaired white matter integrity also leads to slower PS, and thereby constitutes a relationship between PS (as measured by RT) and processing accuracy (as measures by incorrectly solved items in the CFT20-R).
Limitations and implications
Our results are limited by the small sample size. Furthermore, mean IQ of healthy controls was quite high. The majority of MS patients (and, consequently, of healthy controls) attended schools with graduation providing access to universities and visited primarily by individuals with above average IQ scores. 36 It cannot be ruled out, however, that individuals with a higher IQ were more likely to volunteer as healthy control in the present study. Thus, differences in psychometric intelligence between patients with MS and healthy controls have to be interpreted carefully.
The negative correlations between CFT20-R scores and the number of relapses as well as the EDSS scores indicated that MS had adverse effects on psychometric intelligence. Given the close association between psychometric intelligence and scholastic achievement, 13 those potential deficits need attention in clinical practice, primarily in patients with continuing disease activity despite diseasemodifying therapy.
PS as measured by RT seems to be a sensitive marker of deficits in the development of psychometric intelligence. However, further prospective and longitudinal studies on the association between RT and psychometric intelligence in paediatric MS in conjunction with more differentiated intelligence tests are recommended to confirm the value of RT as a measure of cognitive functioning in clinical settings of paediatric MS.
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